Childhood lead exposure has been shown to have a significant effect on neurodevelopment. Many of the biokinetics involved with lead biomarkers in children still remain unknown. Two hundred fifty (157 in the exposed group and 93 controls) children were enrolled in our study and lead exposed children returned for multiple visits for measurement of blood and bone lead and chelation treatment. We demonstrated that the correlation between blood and bone lead increased with subsequent visits. We calculated the blood lead half-life for 50 patients, and found a significant (p-value < 0.001) positive correlation with age. For ages 1-3 years (N = 17), the blood lead half-life was found to be 6.9 ± 4.0 days and for 3+ years it was found to be (N = 33) 19.3 ± 14.1 days. In conclusion, the turnover of lead in children is faster than in adults. Our results indicate that blood lead is a more acute biomarker of exposure than previously thought, which will impact studies of children's health using blood lead as a biomarker.
Introduction
Childhood lead (Pb) exposure has been linked with numerous adverse health impacts that have important implications throughout life. These include developmental neurological health disorders [1] [2] [3] , among them effects on IQ and behavioral changes such as hyperactivity [4, 5] , as well as hypertension, reproductive issues, and criminal activity [6] [7] [8] [9] [10] [11] . For children in particular, it is important to understand the risks of Pb exposure, and for children already exposed, we need to identify the best methods for treatment or reducing exposure levels. In order to do this, the biokinetics of Pb in children needs to be understood. There is a significant gap in understanding of the action of Pb in the body for children, and we demonstrated in our previous work the significant differences and similarities children have in comparison to some adult biokinetic mechanisms [12] .
This work expands on the previous findings, identifying the impact of age on biokinetic parameters and reevaluating the body burden of Pb. In this work, we identify the relationships between bone and blood Pb after removal of exposure sources. We use this as justification for our assumptions to determine the blood Pb half-life in children. Adult studies typically agree on a blood Pb half-life of 20-30 days [13] [14] [15] . The literature has previously been unclear and limited for the identification of differences in the blood Pb half-life observed in children [16, 17] . In this study, we present more evidence to support our initial claims of a lower blood Pb half-life in children and present relationships of this data with age [12] .
In addition to these primary goals, this work evaluates the use of portable x-ray fluorescence (pXRF) in comparison to K-shell x-ray fluorescence (KXRF) as a measure of bone Pb. This data was included in a previous manuscript, but additional results and analyses are presented here. The pXRF is a new measure of bone Pb, which is still being validated for use in large-scale studies. We provide some insight into the relationship observed between this measure of bone Pb, and the KXRF measured bone Pb and blood Pb in this study. We also evaluate the ability of the pXRF data to distinguish between exposed and unexposed individuals. These relationships will help to identify the ability of the pXRF for future studies of cumulative Pb exposure.
Methods

Study population
Both Pb-poisoned and non-Pb-poisoned children were recruited through Xinhua Hospital, Shanghai Jiaotong University, China. The study methods were detailed in our previous manuscript, but will be discussed briefly. Pbpoisoned children were recruited from children who were diagnosed as Pb poisoned, which means a blood Pb concentration >25 µg/dL at the time of the poisoning diagnosis. The primary source of Pb exposure for these children was identified and removed in most cases at point 1 in Fig. 1 . For example, many of the children's exposure was related to traditional medicines, the delivery of which were ceased at the visit prior to the first chelation. The process of source removal was different for each subject. The controls were recruited from children who visited the clinic for non-Pbrelated reasons. All children had blood samples taken for Pb measurement and bone measured for Pb concentration using an advanced cloverleaf Cd-109 KXRF as well as a pXRF system. Control children had Pb measures taken only once. Pb-poisoned children had Pb measures taken multiple times each one following a chelation treatment using ethylenediaminetetraacetic acid (EDTA). Four of these children had chelation treatments prior to our first Pb measurements. Figure 1 shows the exposed group and number of chelation therapy visits before follow-up bone and blood Pb measurements in this group. Everyone in the original exposed group had their bone and blood Pb measured, but only twenty-four exposed patients had their bone and blood Pb measured prior to their third chelation treatment.
The study received IRB approval from Purdue University and Xinhua Hospital. When recruited, a trained research assistant would present the subjects and their parents with the details of the study and the consent forms. Signed consent forms were received from the parents of each subject, as well as an assent form from any child age 7 or older.
KXRF bone Pb measurement system
The KXRF bone Pb measurement system was used to measure tibia bone Pb as a metric of each individual's cumulative Pb exposure. The setup was the same as used in previous studies [18] [19] [20] . Before measurement, the subjects' legs were cleaned using alcohol and EDTA cotton swabs to remove any Pb contamination. Each measurement was taken for 30 min while the subject watched a movie. XRF provides a point estimate of Pb concentration, which can be negative if an individual's bone Pb is close to zero. It is important to include these negative values, as with their associated uncertainties, they are still a point estimate of that individual's bone Pb.
The whole body effective radiation dose delivered to the subject from this system was estimated to be less than 5 µSv for this population [21] .
Portable XRF device
The pXRF device used in this study was a customized device manufactured by Thermo Fisher (XL3t GOLDD+, Thermo Fisher Scientific Inc., Billerica, MA). The device specifications and optimization were discussed in a previous [20] . The subject's measurement site was cleaned before each measurement with the EDTA and alcohol cotton swabs. The measurement for pXRF was made after the blood collection and before the KXRF bone Pb measurement during the study visit. We estimated the entrance skin dose of the system was 21 mSv to a 1 cm 2 area and the whole body effective dose was 2.4 μSv [22] . This can be compared to the whole body effective dose for a standard AP chest x-ray of about 100 μSv.
Blood Pb analysis
The blood of the subjects was collected in a Pb-free environment. We cleaned the subjects' skin using alcohol swabs before sampling. The blood collection tubes along with the EDTA-K2 anticoagulants were measured to be Pb free before sampling. All the samples were frozen and kept at −80°C immediately after the collection. Blood Pb concentrations were measured and analyzed by an atomic absorption spectrometer (AA900Z, PE) [23] . The sensitivity of our device was 0.01 μg/dL, and inter and intra assay variability was 5%.
Total body blood and bone Pb
Similar to our previous analysis, we calculated some values for the biokinetics of Pb in the body [12] . Here we will summarize briefly the analysis we performed in the previous study, and again with additional data and analysis in the results presented here. We were able to calculate total blood volume and total bone mineral content using a combination of age, height, and weight models from various sources in the literature [24, 25] . We used these sources as they gave us the predictions for a population very similar to the age distribution of the population in our study. To identify total blood volume, we used the three separate equations (dependent on age grouping), which would give blood volume based on height and weight variables. These equations are given in Table 1 . For total body bone mineral content (TBBMC), we used Specker et al. [24] , because they gave us a more detailed identification of individual measures based on age, height, and weight of our subjects. We used their equation to calculate total body bone area (TBBA), which was then used to calculate TBBMC. The equations used for this calculation are given in Table 1 . For body fat percentage and calcium intake in the equations we assumed the averages of 27.9% and 23.7% for females and males, respectively, and 0.6 mg/kcal for calcium intake to be used in the equations in Table 1 . These were the average values for the population in Specker et. al., which would be approximations of the averages for the similar population in this study [24] . These assumptions should not greatly change the results as removal of the terms with calcium intake and body fat percentage entirely only resulted in a 6% difference in average TBBMC. We used this to determine the estimated body burden for Pb in blood and bone.
Blood Pb half-life calculations
We used data from the follow-up visits (after the first chelation treatment) to calculate blood half-life for Pb-poisoned children. The bone remodeling rate was estimated from data for cortical bone in ICRP 70, page 35 [26] , and for our calculation we used a power function to determine the appropriate turnover rate for each subject's age as shown in Fig. 2 . We converted the value for each subject to a bone to blood rate per day. For the calculation we assumed bone and blood Pb have reached equilibrium, because the Pb exposure source has been removed. Assuming equilibrium blood and bone Pb after removal of the primary source of Pb exposure and cessation of chelation treatment, we could identify the half-life of blood Pb using the following equation: where λ Blood Pb is the rate of blood Pb transferred to urine, feces, and other organs per day and is equal to Lnð2Þ
; λ Bone!Blood is the amount of bone Pb absorbed into blood per day found using the bone remodeling rate derived earlier from the data in ICRP 70 and Fig. 2 converted to a per day rate; T Bone Pb is total bone Pb; and T Blood Pb is total blood Pb. Total bone Pb can be estimated by multiplying our value for TBBMC by our KXRF bone Pb value (µg/g bone mineral). The bone Pb value used was the second visit at time point 2 in Fig. 1 . Total body blood Pb is estimated from total body blood volume multiplied by the blood Pb concentration taken at point 2 in Fig. 1 , which will satisfy the equilibrium assumption and source removal after the visit at point 1 in Fig. 1 . Finally, to convert the λ Bone!Blood value to more familiar units we used the formula Lnð2Þ λ Bone!Blood to get blood Pb half-life in days.
Statistical methods
Linear regressions were used to determine correlation values and levels of significance of relationships between KXRF bone Pb and blood Pb, pXRF bone Pb and blood Pb, and age and blood Pb half-life. The biomarker data is skewed from normal as a result of the group being more highly exposed, but this data was used primarily for comparison between biomarker values. The blood Pb half-life data was normally distributed. The KXRF bone Pb data was excluded from our analysis if the final uncertainty was >10 µg/g, as has been done in previous studies using KXRF [27] . This would indicate an excessive amount of movement during the measurement or a measurement taken for less than 30 min. Portable XRF data was excluded if the measurement time was <2 min. We did not exclude data based on the uncertainty measurements given from pXRF, since the values that would indicate an erratic measurement are not well known due to the more recent development of the pXRF measurement system. The difference measures between age groups for blood Pb half-life and patient and control measures used rank sum tests to identify significant differences with p-values reported. The statistical analysis was done using R version 3.3.3.
Results
The earlier results of the study were summarized in a previous publication by Specht et al. 2016 [12] . Summary data and analysis were completed and discussed in that manuscript. The current study had 250 participants (170 male and 80 female) with average age 5.7 ± 3.1 years. One hundred fifty-seven, point 1 in Fig. 1 , were Pb poisoned and in the exposed group with 93 being in the control group.
Bone and blood Pb concentrations and age, sex, height, and weight measurements in the study population Table 2 summarizes the data for blood Pb and bone Pb measurements between the exposed and control groups. The blood and bone Pb data reflect only the first measurements for the exposed group. Note that for the exposed group, the average blood Pb is lower than recruitment criteria, because some subjects had a time gap between being diagnosed as Pb poisoned and being enrolled in the study. However, with the blood Pb being high at a previous time, the bone Pb should still reflect the exposed status. Table 3 summarizes the age, sex, height, and weight distributions in the population for different age groups. 
Correlation between blood and KXRF bone Pb concentrations
In our previous analysis with these children, we identified a strong correlation between bone and blood Pb in subjects with R 2 -values of about 0.6 (N = 86). The correlation for just exposed and all subjects remained the same as before and is presented in Fig. 3 for the exposed group (N = 157). We present in Fig. 4 the correlation among Pb-poisoned children between KXRF bone Pb and blood Pb (N = 59) from only the second measurements prior to the second chelation treatment (four children with chelation treatments before our first measurements were excluded). This corresponds with bone and blood Pb measures taken at point 2 in Fig. 1 . The p-value of this regression was <0.001. Figure 4 shows a non-linear relationship between blood and KXRF bone Pb data for subjects that have at least one follow-up visit. This was found to be significantly different from the linear model using a likelihood ratio test comparing the non-linear and linear regressions, which resulted in a pvalue of 0.01. Then, we isolated those Pb-poisoned children who had undergone at least two chelation treatments (N = 24) prior to bone and blood Pb measures. A significant correlation (p-value < 0.001) is presented in Fig. 5 . This corresponds with point 3 in Fig. 1 . For the Pb-poisoned children that completed at least one visit (N = 157), there was a weak (R 2 = 0.11, p < 0.01) negative correlation between their initial blood Pb measurement and age. For Pb-poisoned children at their second visit (N = 59), there was an insignificant (R 2 = 0.05, p = 0.08) trend for a negative correlation between blood Pb and age. At the third measurement time (N = 24), there was no observed trend between blood Pb and age.
pXRF bone Pb results between exposed and control groups
The correlation between KXRF and pXRF bone Pb remained similar to that reported previously [12] . With the inclusion of the additional data and isolating only exposed children with pXRF and KXRF bone Pb measurements at time point 1 in Figure 1 (N = 157) , the R 2 was 0.18 with a p-value of <0.001. The correlation between blood Pb and pXRF bone Pb was significant including all subjects and isolating exposed (p-value of <0.001 and 0.001 with an R 2 of 0.07 and 0.06, respectively). The correlation between pXRF bone Pb and blood Pb for exposed individuals can be seen in Fig. 6 . We performed a rank sum difference test between exposed and control groups ( Table 2) to identify the ability of the pXRF to determine exposure status and found that the exposed and control groups were significantly different with a p-value of 0.0003. The average pXRF measured bone Pb for the exposed group was 28.2 ± 53.6 ppm and for the control group was 3.8 ± 52. Fig. 5 Correlation between blood and KXRF bone lead at third visit (point 3 in Fig. 2 N = 24) for lead-poisoned subjects (R 2 without highest point is 0.866) the pXRF bone Pb measurement was 9.6 ± 2.6 ppm, and did not differ significantly between Pb-poisoned and non-Pbpoisoned children.
Bone and blood Pb burden
We determined an estimation for body burden of blood and bone Pb. With the additional data in our study, the difference between ages for body burden of Pb proved to be null with an average of 97.2 ± 1.5 percent bone Pb compared to blood Pb burden for ages 1-3 and 97.3 ± 1.7 percent for ages 3+ found in our 154 subjects for this calculation.
Blood Pb half-life calculations
The blood Pb half-life was calculated among only 50 of the 59 exposed subjects that had all the necessary measurements to perform the calculation, because eight subjects did not show decreases in blood Pb at the 2nd measurement and were removed. One subject had a bone Pb value of <2 µg/g at the second visit, which created an outlying data point and was removed. Not showing decreased blood Pb suggests that these subjects were still being exposed to Pb, and thus did not meet the assumptions made for our calculation. Blood Pb half-life results are presented in Table 4 and Fig. 7. Figure 7 shows a significant correlation between age and blood Pb half-life with a p-value < 0.001 (slope of 2.92 with 95% confidence interval (2.35, 3.49)). No significant differences or trends between blood Pb half-life and sex were identified. Summary of all the data used for calculation of the blood Pb half-life is shown in the supplement.
Discussion
This study further explored Pb biokinetics in children and expanded the analysis from our previous publication [12] . With the additional data we found a significant relationship between age and blood Pb half-life, which demonstrates significant evidence for Pb biokinetic differences between children and adults. We demonstrated in Figs. 3-5 that as Pb in bone and blood reached equilibrium the correlation between these two biomarkers became much stronger. We found significant differences in pXRF measured bone Pb between exposed and control groups.
Demonstration of a stronger correlation between bone and blood Pb in individuals undergoing follow-up chelation treatment helps to validate our hypothesis of equilibrium between these two Pb storage sites. At the initial measurement the correlation value was lower, because it was offset by the still present exogenous Pb exposure for many of the exposed subjects. Some subjects did have blood Pb reflective of source removal beforehand, which contributes to the already high correlation observed. At point 1 in Fig. 1 , the removal of the source of Pb exposure was achieved for almost all exposed subjects. After the effects of chelation subsided, the bone and blood Pb was in equilibrium for almost all of the subjects. This validates our use of this assumption for the calculation of blood Pb half-life and for calculation of bone turnover rate in these subjects.
It seems that there could be a non-linear relationship between bone and blood Pb as shown in Fig. 4 . For the highest points, it seems that there was less Pb in blood than was predicted by the model, which would lead us to conclude that there is a saturation value for the amount of Pb resorbed from bone to blood. This would imply that heavily exposed individuals might have more difficultly removing Fig. 6 Correlation between blood lead and pXRF measured bone lead measurements at initial study visit for exposed subjects (N = 157) Fig. 7 Correlation between blood lead half-life and age (N = 50) Pb stores from the body than is estimated by current biokinetic models. We expected the very strong correlation observed in Fig. 5 between third follow-up measured bone and blood Pb to be confounded by age. As shown in Fig. 2 , the agedependent bone remodeling rate is incredibly dependent on age early in life, and thus we would expect some variation between individuals based on age. However, we did not find significant relationships between blood Pb and age at follow-up visits. We would expect the dependency on age to continue throughout the study based on the age dependence of the transfer rate between bone and blood. There was no relationship between age and time to followup, which could have influenced this relationship. One possible explanation is that there are second order kinetic effects. The turnover rate is typically taken as a first order kinetic model, but it is possible during the transient period after chelation, all subjects had similar bone resorption driving Pb from bone due to transient second order effects. We found a second order relationship between bone and blood Pb at extreme values (Fig. 4) , and the same could be true for low values of blood Pb as well. Since the time between visits in our study was short, the age dependency of bone turnover was lost due to these transient effects.
More study would need to be done to identify whether this is the case.
The pXRF bone Pb data remained very similar in relation to KXRF bone Pb measurements as reported previously. In this final dataset, we had enough controls to determine that the pXRF measurements were significantly different between the exposed and the control groups. The average uncertainty for the pXRF measurements was about 10 µg/g. This is similar to the uncertainty associated with conventional KXRF systems in pediatric populations. Those systems were used widely to study lower-level, environmentally exposed populations, which suggest that the pXRF should also be usable in such populations. In older populations exposed to leaded gasoline, it is highly likely that the bone Pb levels are 10 µg/g or higher, which would be greater than the average uncertainty in this study. Children in general will have thicker overlying soft tissue than adults, and will have higher uncertainty in their measurements [28, 29] .
The correlation between blood Pb and pXRF bone Pb is much lower than for KXRF bone Pb and blood Pb. It is likely that these two devices, which use different energies, are sampling different portions of the bone. The different portions of the bone likely relate differently to blood Pb and to each other. Also, since the subjects of this study were children, this issue is complicated further as studies of Pb biokinetics and storage in children are limited. This makes it difficult to assess the abilities of the device in comparison to some standard. In our previous work, we showed a correlation (R 2 = 0.196) between KXRF and pXRF bone Pb measurements, which may indicate at least partial agreement between the biomarkers. Since this is a new measurement system, further work needs to be done to determine exactly what biomarker is being measured using the pXRF, and how it may relate to the traditional KXRF measurement of bone Pb and the biokinetics of Pb in the body.
This extended study confirmed the conclusion made in our previous paper that the majority of the Pb body burden (>90%) in a child is in the bone. In the previous study we observed trends toward age related differences in the proportion of Pb in bone (92.3% at 1-3 years vs. 96.5% at older than 3), which we have now shown to clearly have no difference based on age. In the previous paper, we had only 7 subjects in the group between 1-3 years of age, and our new analysis included 46 subjects in this age group.
We were able to build upon our previous calculations of blood Pb half-life, and with additional data were able to calculate the blood Pb half-life for 50 of our subjects. Our results suggest that blood Pb half-life is shorter in children than adults. The adult blood Pb half-life is generally accepted as~20-30 days [13] [14] [15] . In our previous manuscript we discussed two other studies that looked at blood Pb half-life in children and got differing results [16, 17] . The study by Manton et al. [16] did not account for bone Pb, which would artificially increase the half-life in blood, since that is the primary storage compartment in the body. The study by Duggan et al. [17] only had two subjects, but was in better agreement with the results shown here. The main limitation of our study is the assumption of exposure source removal, but we believe in most cases this was satisfied for our subjects. As mentioned in our previous manuscript, this will have an impact on monitoring exposure levels in children. Since the blood Pb levels will change much more rapidly in children, bone may be a better marker for exposure levels in this particularly vulnerable group.
Conclusions
The biokinetics of Pb in children are faster than in adults. We found blood Pb half-life changes with age and was on average 6.9 days for children ages 1-3 years old and 19.3 days for children 3-14 years old. Bone Pb accounts for over 95% of Pb body burden for children. For Pb-poisoned children, blood Pb is highly correlated with bone Pb after the removal of external Pb exposure, which indicates significant endogenous exposures for these children. Finally, pXRF can be used to effectively identify Pb exposed individuals from unexposed subjects in a study.
